ABSTRACT. Lime burials are a characteristic phenomenon of the protohistoric funerary tradition on the Balearic Islands. At Cova de Na Dent, a lime burial has been sampled for analysis. The lime burial was made up of lime and fragmented bones. Six layers were sampled and described in the laboratory according to their color, the consistency of the deposition, and the aspect and quantity of the bone fragments. Bone samples and lime were dated. The lime was analyzed by using petrographic analysis, X-ray diffraction, FTIR spectroscopy, and simultaneous thermal analysis. The results show that the bones were cremated in the presence of crushed rock carbonate. The 14 C dates on the lime suggest an earlier chronology for this ritual, starting in the Bronze Age, as generally is accepted.
INTRODUCTION
The protohistoric "quicklime burials" from the Balearic Islands are a special type of cremation burial involving the transformation by heat of rock carbonate into quicklime (Van Strydonck et al. 2013) . Probably before cremation the body was covered with a layer of fine crushed limestone. Until now, only museum samples, perhaps subject to unknown taphonomic processes since their excavation more than 20 yr ago, could be analyzed (Van Strydonck and Waldren 1990; Waldren and Van Strydonck 1995; Van Strydonck et al. 2011) . This article discusses the results of samples analyzed within 1 yr after being excavated and stored in good conditions. The aims of this study are 1) To test if the apparent carbon exchange observed on the bone apatite from the museum collections could be verified on freshly excavated material and in this way overrule the possibility of a post-excavation phenomenon;
2) To establish an absolute date for the lime burial by dating the lime; and 3) To verify if the simultaneous thermal analysis (STA) can supply extra information on the amount of fossil carbonate still present in the lime.
The lime burial site of Cova de Na Dent (39°30′54.33″N, 3°18′19.92″E) is situated on Mallorca's west coast in the cliffs between S'Estany d'en Mas and Cala Falcó (Figure 1 ). The area is rich in karstic cave formations. Cova de Na Dent is situated in the Area Natural de Cales de Manacor in a cliff wall overlooking the sea (Figure 2 ).
SITE DESCRIPTION
At the southwestern entrance of the cave, a lime burial layer was preserved. The layer was still in situ but had been partly damaged due to illegal diggings. A section could be cleaned for the research purposes. This lime burial is about 40 cm thick, laying on undisturbed natural red-brownish clayey soil. The burial was covered with loose stone material. The lime was very hard and mixed with bone fragments. Individual burial depositions cannot be recognized within the lime conglomerate.
No archaeological artifacts or charcoal were found in the lime burial except for a small fragment of a deteriorated bronze object, which could not be identified. In the laboratory, two very small fragments of iron were noticed; however, because of their size they were regarded as a postdepositional intrusion. During the cleaning of the area, a rim fragment of Islamic pottery was found, testifying to the later use of the cave.
The samples consisted of lumps made up of lime, bones, and powder. In general, the bones (Figure 4) changed from black and gray burned bones to very white and well-cremated remains. Several bones had a pale green color. This color seemingly comes from the copper in the bronze objects that must have been disposed with the bodies on the pyre. Samples have been taken at different levels and have been numbered from bottom (layer −1) to top (layer 3) for practical reasons since no visible structure in the lime burial was recognized. However, in the laboratory remarkable differences in the color of the lime (mixed with soil) were noticed due to the better lighting (see Figure 3 ). Based on the color, layer 2 was split into two sublayers: 2a and 2b. 
PART I: BONE DATING

Materials and Methods
Bone samples were pretreated as cremated bones for accelerator mass spectrometry (AMS) bioapatite dating (Van Strydonck et al. 2009 ). Infrared spectra were collected on KBr pellets of fresh and pretreated bone sample powder, using a Bruker Vertex 70 FTIR spectrometer (www.bruker.com), by accumulation of 16 scans with a resolution of 4 cm −1 . These Fourier transform infrared spectroscopy (FTIR) spectra were used to evaluate the material properties of the bone: (1) , found frequently in cremated bone apatite and thought to be a possible indicator for the incineration of bones along with body tissues (skin, muscles, fat, etc.) (Hüls et al. 2010; Van Strydonck et al. 2010 , 2013 and references therein).
Since bone samples could be interpreted as cremated/calcined bone material, radiocarbon dating was done on the carbonate fraction. Prepared bone material was hydrolyzed with H 3 PO 4 to extract CO 2 graphitized for AMS 14 C measurement van der Borg 1990-1991; Nadeau et al. 1998) . Stable isotope composition (δ 13 C) was measured with a conventional mass spectrometer (IRMS, Finnigan-Mat-δ).
Results and Discussion
Samples from four individuals from different layers were 14 C dated ( Table 1) . The results show discrepancies between bone dates and the consensus value of the lime (see the next section). The dates confirm the observations made before (Van Strydonck et al. 2013 ) and show the possibility of a burial rite comprising a cremation of the bodies in the presence of rock carbonate powder. During cremation, fossil carbon, originating from the decomposition of calcium carbonate and the formation of quicklime, is built into the bioapatite structure. The carbon content of the bioapatite is rather constant in all four bones. No extreme values are observed in contradiction to what was observed on bones from urnfield cremation graves (minimum = 0.3 and maximum = 3.14‰ carbon).
Although sample pretreatment (e.g. strength of powdering) can slightly influence the FTIR-SF (Surovell and Stiner 2001) , the measurements on pretreated bones still allow to differentiate between unburned bones (SF ~2.5-2.9) and well-calcined bones (SF ~7) (Stiner et al. 1995) . The average SF from the Cova de Na Dent bones is 5.72 ± 1.23 with a minimum of 3.32 and a maximum of 8.10 (n = 43). This indicates, just as for the museum samples, that an important difference in the degree of incineration exists between the bones. This is caused by the heat absorption of the limestone during incineration (Van Strydonck et al. 2013) . Visual inspection of the bones corroborates the important difference in degree of incineration ( Figure 4 ). The presence of cyanamide-apatite or calcium-deficient cyanamide-apatite was recognized in the spectra of 12 bones out of 28 ( Figure 5 ). All layers except layer 3 contained bones with an IR extinction band at ~2012 cm
. This may be a coincidence since only three bones of that layer were examined.
PART II: LIME ANALYSIS
Materials and Methods
Material Analysis of the Lime Conglomerate
Material analysis of the lime conglomerate is based on a combination of various analysis methods: petrographic analysis, X-ray diffraction crystallography (XRD), FTIR spectroscopy (FTIR), and simultaneous thermal analysis (STA).
Petrographic analysis of the lime conglomerate was performed by means of optical microscopy on a thin section with a Zeiss Axioplan microscope (www.zeiss.com) equipped with a DeltaPix digital camera (www.deltapix.dk), while X-ray diffraction crystallography was realized on a Bruker D8.
Simultaneous thermal analysis, consisting of a thermogravimetric analysis (TGA) coupled with differential scanning calorimetry (DSC), was carried out on a Netzsch STA 449 F3 Jupiter ® . For that, approximately 30 to 45 mg of the size fraction below 100 µm of a manually crushed mortar sample was heated to 1200°C at a rate of 20°C/min. The weight loss between 200 and 600°C can be attributed to the loss of water chemically bound to hydraulic compounds and is therefore indicative for the hydraulicity of the binder fraction (Bakolas et al. 1998) . At higher temperatures, in general up to 800°C, carbon dioxide is released from calcium carbonate, resulting in a significant weight loss. 
Radiocarbon Dating
As suggested by analysis on museum objects (Van Strydonck et al. 2013) , the burial ritual consisted of cremation of the body in contact with limestone. During this process, the limestone was burnt and transformed into quicklime (reaction [1] 
Absorption of the atmospheric carbon dioxide enables the possibility for dating of the lime conglomerate and hence the lime burial rite. However, the possible presence of various carbonate sources, other than the carbonate formed during hardening, biases the 14 C/
12
C isotopic ratio and hence interferes with the dating process. Common interfering sources of carbon are (i) fossil carbonates originating from unburnt residues of the limestone and (ii) secondary carbonatation deposits.
From a small lump of the lime burial, a sample was retrieved, being homogeneous in color and texture and not containing any bone material. The sample was dried, crushed, and sieved over a 250-µm sieve. Four successive CO 2 fractions were obtained by the titration method or sequential dissolution (Van Strydonck et al. 1982 -1983 , 2011 ). 14 C and stable isotope analyses were performed as described previously. 
Results
Material Analysis of the Lime Conglomerate
The petrographic analysis of an incompletely burnt limestone fragment, retrieved from layer 2b, reveals information on the crushed limestone and hence on the source of the raw materials of the lime conglomerate. The limestone fragment is characterized by a calcinated rim of approximately 0.75-1 mm thickness, which gradually merges with the unburnt limestone deeper within. The limestone can be classified as crinoid biosparite, which has largely been recrystallized during diagenesis. However, the presence of crinoid columns can still easily be discerned in the thin section.
Petrographic analysis of one of the rare lime lumps found in the material shows that the limestone must have been crushed before use. The temperature and the time needed to decompose even a small limestone lump are too high and too long for a normal pyre using wood as fuel (Figure 6 ). X-ray diffraction, FTIR spectroscopy and simultaneous thermal analyses all evidence that the lime conglomerate is composed mainly of calcium carbonate (Table 2 , 90-95% CaCO 3 content). Based on the STA, the lime conglomerate can be identified as an almost pure putty lime. The only inorganic component in detectable quantities, besides calcium carbonate, has been sodium chloride (2-4%), most probably coming from the salty seawater.
Radiocarbon Dating
The 14 C results of the different fractions of each sample are represented in Table 3 and Figure 7 . Light microscopic photograph of a section of a lime lump found in layer 2b. The cross-section of the lime lump (left) exhibits a white-colored outer layer, corresponding with the calcination rim of the limestone. In the thin-section micrograph (right), this layer is shown darker in color due to its higher density. Pores are died yellow because of the use of a colored impregnation resin, thus strongly influencing the color of porous material. 
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Unfortunately, the 14 C dates obtained on the lime conglomerate cannot be verified against 14 C dates or typochronological dates obtained on charcoal or artifacts, as these are completely absent within the Cova de Na Dent lime burial. Although the material analysis of the lime conglomerate suggests that it almost entirely consists of calcium carbonate, these analyses do not specify the nature of the carbonates. Especially the presence of fossil carbonates and secondary crystallization deposits could discord the 14 C-dating results of the lime burials. Hence, more detailed analysis is needed in order to identify the possible influence of these intervening sources. A first analysis has been performed based on the spread of the 14 C age between the different CO 2 fractions on a single layer and the results of a simultaneous thermal analysis of the layers. The different thermogravimetry (TG) curves (Figure 8 ), obtained on the individual layers, are all very similar. The only remarkable difference is the presence of a shoulder at higher temperatures (800~925°C range) adhered to the decarbonation cliff caused by the outgassing of carbon dioxide from the lime carbonate (600-800°C range). Based on the XRD analyses, the presence of mineral carbonate phases other than calcite can be excluded in amounts exceeding the detection limit of ~1-2 wt%. Especially the presence of dolomite, the most plausible alternative carbonate phase, can be excluded. As the thermal decomposition of dolomite [(Ca,Mg)CO 3 ] to CaCO 3 , MgO, and CO 2 occurs at temperatures below the decomposition of CaCO 3 , dolomite is (i) not present in amounts exceeding a few tenths of weight percent (Rowland and Beck 1952) , and (ii) cannot be responsible for the weight losses observed at temperatures above 800°C. Other doped carbonates (containing for instance iron or strontium) have neither been identified by the XRD analyses and are therefore unlikely to being present in such amounts that they can be responsible for the weight losses observed at higher temperatures. The most likely explanation, therefore, is that the differences are due to crystallographic differences within the calcite as a result of their origin (fossil remains, anthropogenic formation, or from secondary carbonatation deposits).
The hypothesis is supported to some extent by the observations based on the spread of the 14 C ages of the different CO 2 fractions and stable isotope δ 13 C (Table 4) , taking into account, however, that the stable isotope shift can also be caused by diffusion effects (Van Strydonck et al. 1989) . A significant spread on the 14 C ages of the CO 2 fractions correlates in most cases with the presence of a distinct calcination shoulder at higher temperatures. For example, based on the profile, layers −1 and 0 are supposed to contain the lowest amounts of fossil carbonates and minimal amounts of secondary carbonatation deposits. These layers exhibit an accordingly small shoulder in the TG curve. On the contrary, all other layers are supposed to contain both fossil carbonates and calcium carbonate originating from secondary carbonatation. With the exception of the sample collected from layer 2b, all of these are characterized by the presence of a distinct shoulder. In the case of layer 2b, the shoulder is present as well but definitely less pronounced as would be expected. Atmospheric data from Reimer et al (2009); OxCal v3.10 Bronk Ramsey (2005) The differential scanning calorimetry (DSC) curves (Figure 8 ) exhibit for some of the layers also distinct characteristics. The double peak in the case of the sample collected from layer −1 is probably due to a read error as (i) the change occurs all of a sudden and (ii) the total measurement range of the results corresponds more closely with the other results after correction. This change is therefore not considered any further. However, the DSC curves of the layers 1, 2a, and 3 exhibit a distinct bump at higher temperatures (~895°C in the case of sample 2a, less expressed and at a somewhat higher temperature in the case of samples 1 and 3). The origin of these bumps remains unclear.
While the material analyses of the lime conglomerate evidence that for each layer the conglomerate can be identified as almost pure lime putty, the nature of the carbonates is not readily specified. This, however, is known to influence the 14 C dating result as the presence of fossil carbonates and/ or secondary carbonatation deposits will influence the 14 C ages of the separate CO 2 fractions. This in turn influences the interpretation and, hence, the determination of the 14 C age of the anthropogenic lime carbonate.
Analysis of the spread on the 14 C age between the different CO 2 fractions and the δ 13 C isotopic profiles in combination with a simultaneous thermal analysis of each of the layers has identified the possible presence of a calcination shoulder at higher temperatures in the 800 ~925°C range in correspondence with the amount of fossil carbonates and/or secondary carbonatation deposits. However, a clear correlation with the findings based on the fractions cannot be found. It remains unclear whether the shoulder in the TG curve is effectively defined by the presence of fossil carbonates, secondary carbonatation products, or a combination of both, or whether the observations based on the stable isotope profiles are 100% correct or not.
Preliminary observations based on the petrographic analysis of thin sections, scanning electron microscopy (SEM), and optical cathodoluminescence microscopy on polished sections have, so far, not attributed additional evidence on this. However, a more detailed analysis is required to complete these preliminary findings.
GENERAL CONCLUSION
Aberrant ages of the bioapatite of the bones, showing 14 C depletion, the FTIR spectra as a proxy for crystallographic changes, as well as the general appearance of the bones, corroborate the idea of a burial rite comprising a cremation of the bodies in the presence of fine crushed rock carbonate. These effects are detectable on bones from old museum collections as well on freshly excavated material. Altering of the bones due to decades of storage in not acclimatized museum storage can be ruled out.
The
14 C dates of Cova de Na Dent support an earlier chronology as generally accepted (Micó Pérez 2005 , 2006 . Because of the absence of artifacts in Cova de Na Dent, the apparent disagreement between the traditional typochronology and the 14 C chronology cannot be solved. However, an earlier chronology is supported by the data from the Son Matge lime burial Waldren 1990, 1995) . Furthermore, the correlation between the 14 C and TGA analyses suggest that the lowest layer (−1) of the lime burial is almost free of contaminating carbonates. The date obtained for this layer should thus be acceptable. However, further research is needed to complete the correlation between the TGA results and the presence and amount of contaminants.
